Dynamic congestion pricing has attracted increasing attentions during the recent years. Nevertheless, limited research has been conducted to address the dynamic tolling scheme at the network level, such as to cooperatively manage two alternative networks with heterogeneous properties, e.g., the two-layer network consisting of both expressway and arterial network in the urban areas. Recently, the macroscopic fundamental diagram (MFD) developed by both field experiments and simulation tests illustrates a unimodal low-scatter relationship between the mean flow and density network widely, providing the network traffic state is roughly homogeneous. It reveals traffic flow properties at an aggregated level and sheds light on dynamic traffic management of a large network. This paper proposes a bilevel programming toll model, incorporating MFD to solve the unbalanced flow distribution problem within the two-layer transportation networks. The upper level model aims at minimizing the total travel time, while the lower level focuses on the MFD-based traffic assignment, which extends the link-based traffic assignment to network wide level. Genetic algorithm (GA) and the method of successive average were adopted for solving the proposed model, on which an online experimental platform was established using VISSIM, MATLAB, and Visual Studio software packages. The results of numerical studies demonstrate that the total travel time is decreased by imposing the dynamic toll, while the total travel time savings significantly outweigh the toll paid. Consequently, the proposed dynamic toll scheme is believed to be effective from both traffic and economic points of view.
Introduction
Congestion pricing has been regarded as an effective traffic demand management policy that has been applied in many cities, among which Singapore was the first one to impose road congestion pricing at city wide level [1] . The development process has experienced two stages from the initial regional license scheme to the real-time dynamic electronic charging system. In United States, most tolled roads are related to new lanes or lanes that have been opened to High Occupancy Vehicles (HOV). In California, private investors have built the 91st fast lane based on the existing state highway S91, providing drivers the option of using an uncharged lane or a time-varying fee lane. These successful road congestion pricing schemes have aroused wide considerations in exerting more efficient and impartial pricing strategies in large urban networks.
The theory of congestion charging was developed by Walters [2] and Vickrey [3] that the users should pay for both the toll equal to their own travel cost and the additional congestion cost imposed on other users due to the extra travel occupying the public road resource, which is consistent with the concept called "marginal cost" in economics. Sheffi [4] found that the additional cost added in the static models can drive the user equilibrium pattern to achieve system optimum. Ferrari [5] studied the charging problem for urban transport network with elastic demand and link capacity constraints and found that the model has no solution which satisfies the capacity constraints, but additional costs can be imposed on some links so that an equilibrium solution 2 Journal of Advanced Transportation that satisfies the capacity constraints always exists. In terms of multiuser classes, Leurent [6] designed a model that allows for differentiating travelers by means of an attribute called value of time that is continuously distributed over a real interval. Yang and Lam [7] and Yang and Bell [8] studied congestion pricing in the queue network under fixed and elastic demand, respectively, through establishing the bilevel programming model, where the lower level problem describes users' routes choice behavior under condition of both queuing and congestion, while the upper level problem is to determine road toll to optimize a desired system's performance. In view of the time-varying traffic demand, the static toll models need to be extended to dynamic toll models. Vickrey [9] applied deterministic queuing theory to firstly propose the dynamic pricing scheme called the bottleneck model that the travelers should pay the toll for eliminating the queuing delay without toll. Yang and Meng [10] combined the application of the space-time expanded network representing the time-varying traffic flow and the conventional network equilibrium modeling technologies. Carey and Watling [11] extended the formulation that used Cell Transmission Model (CTM) for constructing system optimum (SO) formulation to allow more general nonlinear flow-density functions and found that if the tolls computed from the dynamic system optimum (DSO) solution are imposed on the users, the DSO solution would also satisfy the criteria for a dynamic user equilibrium (DUE). Ban and Liu [12] formulated a link-nodes discrete-time dynamic toll model as a bilevel problem, where the upper level is to minimize the total weighted travel time, while the lower level is to capture the users' route choice behavior. Laval and Castrillón [13] analyzed the time-dependent congestion pricing scheme on two alternative routes that have different bottleneck capacities and surprisingly found that the minimum total system delay can be achieved with many different pricing strategies, which are valuable for traffic management. Although both the static and dynamic settings and cases that have been addressed so far are encouraging, there are some certain deficiencies: (i) traffic system is not in steady state at link level validated by simulation evaluation and field experiment, and thus toll calculated based on ideal curve is not optimal [14, 15] ; (ii) existing studies on dynamic congestion pricing have been limited to certain idealized networks, because the model and computation of the link-based dynamic traffic assignment (DTA) are so complex that these research cannot be applied to a large city network practically.
Recent findings on the traffic dynamics at the network level named macroscopic fundamental diagram (MFD) have aroused wide attentions. Geroliminis and Daganzo [14, 15] used both detector data from microscopic simulation test for the San Francisco Business district in California and a data combination of fixed detectors and floating vehicle probes as sensors from field experiment in downtown Yokohama in Japan to find that MFD relating the number of vehicles in network to space mean flow or outflow presents a unimodal lowscatter relationship, if the road network is in homogenous congestion state. Scholars mainly focus on the research about its nature, influence factors, and application. Leclercq and Geroliminis [16] took advantage of the topology of the route and the variation theory to obtain MFD, in order to overcome the homogeneity rule which points out the congestion state at link level should keep pace. The influencing factors on the shape of MFD have also been investigated gradually. Geroliminis and Sun [17] found the "hysteresis phenomenon" that a clockwise loop exists between the flow and density instead of linear curve and then provided the explanation with density inhomogeneity and lack of adequate data. In terms of the influence of turning flow in intersections on MFD, Geroliminis et al. [18] found that the left traffic flow reduces the largest value of MFD. Because of the increasing recognition about MFD, researchers have started to focus on how to apply MFD to region traffic management. One of the main tasks was to investigate network division, thus obtaining a well-defined MFD. The most classic method was developed by Ji and Geroliminis [19] that divided the entire network according to the congestion feature [20, 21] , and then the dynamic division problem was also studied. Keyvan-Ekbatani et al. [22] studied the feedback gate control method using the simulation network with perimeter gate control and obtained satisfying results with lower total travel time. Aboudolas and Geroliminis [23] used multireservoir networks with well-defined MFDs to design the perimeter and boundary flow control schemes that aimed at distributing the accumulation of vehicles in each reservoir as homogeneously as possible. However, deficiencies are also existed in these control schemes: (i) the change of signal at the cordon may have an influence on the shape of MFD, but the influence was largely ignored; (ii) the common perimeter control needs sufficient road space for stopping and queuing [24, 25] , which may not be always allowed. Cordon-based or area-based dynamic congestion pricing at network level has been limited to some simple network due to the complexity of link-based dynamic assignment. Geroliminis and Levinson [26] combined the Vickrey's bottleneck theory with MFD to propose a cordon-based congestion scheme, which is easier implemented in real road networks because of more convenient data collection and much easier computation. Zheng et al. [27] adopted an agent-based simulation to develop and apply a cordon-based dynamic pricing scheme, in which tolls are controlled by MFD. The above works shed light on how to apply MFD to design the dynamic congestion pricing scheme at network level.
This paper aims to combine the MFD with dynamic traffic assignment theory to design a dynamic pricing scheme in heterogeneous networks. A bilevel optimal equilibrium model combining the MFD theory is proposed, which is consistent with the traffic dynamics at network level and can also timely carry out online data analysis and output the expected toll, due to fewer data collection and lower computation cost than link-based equilibrium model. The upper level problem is to minimize the total travel time. The lower level problem is a network equilibrium model with the MFD. In detail, the upper level model is to obtain the optimal toll for the designed system objective from the manager perspective, while the lower level model is to output the expected flow distribution by solving the dynamic user equilibrium assignment with incorporating MFD. Genetic algorithm and method of successive average were used together to solve the bilevel model. Finally, a numerical test for the two-layer network consisting of the loop expressway network and the linear arterial streets was employed in the simulation environment, which combines the microscopic simulation software VISSIM, mathematic solver software MATLAB, and the development tool Visual Studio as the medium to implement the proposed bilevel toll model.
The remainder of the paper is organized as follows. Section 2 introduces the important features of MFD and explains the reliability for applying MFD to dynamic congestion pricing scheme on the two-layer network. Section 3 describes a bilevel dynamic toll programming model, the solving algorithm, and scheme for model application. In Section 4, the proposed model is tested with the two-layer network in the simulation-feedback environment. Finally, conclusions and recommendations for future work are provided in Section 5.
Features of MFD and Research Question

Features of MFD.
Technically, MFD represents traffic characteristics at the network level by aggregating the link flow and density [14, 15] . The weighed space mean density and the weighted space mean flow for a road network with the homogeneous traffic distribution can be expressed as follows:
where Ψ ∈ Φ denotes an individual link in the network links set; Ψ is the traffic density of link Ψ; Ψ denotes the length of link Ψ; Ψ is the number of lanes of link Ψ; Ψ is the traffic flow of link Ψ; called the accumulation is the existing number of vehicles within the current network; is the network travel production; and denotes the total length (lane-kilometers) of the network. The network space mean speed can be expressed as follows:
A representative fundamental diagram relating the space mean flow to space mean density is resemble with the Figure 1 . MFD can be divided into three typical regimes: "free flow" region A with fewer vehicles within the network, which have relative free speed; "maximum flow" region B, where the space mean flow reaches the highest point with the related optimal mean density value called "critical density" that many researchers take advantage of the value to study network control strategies; "congestion flow" region C, where the space mean density is beyond the critical density, the space mean flow decreases with the mean density increasing, and then the congestion will occur. When network is in state D, no one car can nearly arrive to the destination.
Regarding the road network as a reservoir, the state formula of the network system is described by the mass conservation equation as below: 
where ( ) is the inflow to the network at time t and ( ( )) is the total outflow representing the trip completion rate at time t. To further analyze the outflow, there is also the unimodal relationship with the space mean density and a robust liner relationship with the space mean flow, which is regarded as another important finding according to field experiment in downtown Yokohama [15] .
These formulas provide two important clues: (i) the linkbased state formula can be extended to region-based equation thanks to the ( ) which can be predicted by the state variable K(t); (ii) different from the bottle model that queue will occur when demand goes beyond capacity, the state equation illustrates that traffic system are dynamic, and the average travel time is connected with the initial state of the system as well as input flow.
The above description provides preliminary recognition about the concept of MFD, and features are summarized as follows: (i) MFD is the characteristic of network and not very sensitive to different demand patterns; (ii) the space mean flow can maintain the maximum value when the space mean density value is adjacent to the critical density value; (iii) using existing loop detector data and GPS data can obtain the MFD accurately. Considering these features of MFD, it can be applied to dynamic network cordon pricing.
Problem Description.
Urban transportation network generally can be divided into multiple layers with different properties, such as arterial street, expressway, and metro network [28] . Expressway is a type of road that is built for fast travel with higher design speed [29] and can only be accessed by ramps. Arterial streets are high-capacity urban roads and serve to carry long-distance flows between important centers of activity, which produce large amounts of carbon emission [30] . Compared to the arterial street, expressway has the continuous traffic flow that vehicles do not have to stop for the signal lights in intersections. The expressway is commonly built above the land to decrease land usage and avoid grade crossing in city center region, however, the arterial street is often built on the land for more flexible access. The network system consisting of the expressway and arterial streets is called the two-layer network.
Drivers often have dilemmas when choosing between the arterial road network and the loop expressway, and the phenomenon exists sometimes that one is congested but the other is in a low density. Dynamic congestion pricing has been proved as an effective strategy to make the users change route by changing the trip utility for the optimal demand distribution on the network. Therefore, there is practical need to develop toll strategy at regional level by means of macroscopic traffic flow theory which is consistent with the network traffic dynamics.
Model Formulation
Urban traffic network MFD provides a unimodal low-scatter relationship between space mean density and space mean flow or outflow, if link flows are in roughly homogeneous congestion state within the region. A smoothly decline curve between network mean speed and density can also be identified. The urban network consisting of the multilayers with different properties can be represented by the multi-MFDs respectively. Considering the practical problem, it is essential to take proper toll strategy for balancing the traffic demand in two-layer network consisting of the loop expressway network and arterial streets. The following sections introduce the bilevel model combining MFDs and traffic assignment theory to design a dynamic toll scheme.
The Lower Level
Model. The lower level model combines DUE model with MFD to develop an equilibrium assignment model at aggregated level which regards the network as a special reservoir. Comparing to the traditional link-based dynamic traffic assignment model, the network-based user equilibrium model has some modifications: (i) the trip completion rate is polynomial relationship with the space mean density in network; (ii) the travel time in network depends on the average travel distance and the space mean speed, which can be calculated through the formulation of space mean flow divided by space mean density, and the mean speed is approximately linear relationship with the mean density.
Travel costs include travel time consuming, fuel cost, and road toll. This paper adopts generalized transportation cost function that all travel costs are calculated as equivalent hours using fixed value of time (VOT). Travel costs including travel time and toll are considered as follows:
wherê( ( ), ( )) is the total travel cost in network at time , ( ) is the toll in network at time , ( ( )) is the planned travel time in network at time ; ( ) is space mean density of the network at time ; is the average travel distance in network , ( ( )) is space mean speed in the network at time .
Similar to the formula of link-based dynamic user equilibrium, the objective function is to minimize the integral function representing travel within the two reservoir systems in a time interval T. The MFD-based dynamic user equilibrium model can be formulated as follows:
subject to
where (8) is the network state equation for the network ∈ ; constraint (9) is the node inflow equilibrium equation; is the total lane length for network a; ( ) is the overall traffic demand at time ; and ( ) is the inflow to network at time . Equation (10) is the outflow which is the function of space mean density; constraint (11) ensures that all variables satisfy nonnegative condition.
The Upper Level Model.
The upper level problem is to investigate the desired objective from the manager perspective, in which various purposes may be included within the previous literatures, such as minimizing the total travel time [31, 32] . In the simulation experiment, the total travel time can be formulated as the integral of the number of vehicles (vehicle-hours) in the two-layer network as follows:
where ( ) is the number of vehicles in network at time ; is the allowed maximum toll.
Solution Algorithms.
A common characteristic of the model is to determine the optimal value in a set of decision variables, in order to keep the network performance in optimal. Typical examples include network design and road pricing. These questions can be depicted as a Stackelberg game or leader-follower game [33] . The leader refers the traffic manager with the goal of optimizing network usage at system level, and the follower refers the user with optimal Journal of Advanced Transportation 5 path choice based on route utility. Because the upper and lower problems are mutually restricted and the model is nonconvex, it is difficult to solve the bilevel programming model by means of the general optimization method. For the lower model, the model is processed discretely at time dimension. The discrete time form can be considered as a nonlinear programming problem, so the Frank-Wolf algorithm or the method of successive average can be applied to solve the function. From the toll perspective, as time-varying pricing is difficult to be implemented, it is reasonable to adopt constant toll during each evaluation interval.
The above discussion provides the idea that the bilevel model is discrete at time dimension during the evaluation time interval with the fixed toll. Genetic algorithm with the characteristics of global search is adopted to solve the upper level problem. The lower model is discrete at time dimension. The method of successive average called the approximate equilibrium algorithm is applied to traffic assignment when the calculation accuracy is not strict and time saving is needed. At each iteration, the all-or-nothing assignment is conducted to create auxiliary path flows which are weighted together with the path flows from the former iteration, to obtain path flows for the next iteration. Iterations do not terminate until the algorithm satisfies the convergence criteria and the final solution is approximately equal to the equilibrium solution. These user equilibrium assignment algorithms are common in many research, and the attention point is that, for each time segment, the number of vehicles in each network is so connected with the former stage as the transition process. To simplify the calculation, the instantaneous travel time is assumed to be equal to actual travel time. This study combines Genetic Algorithm with the method of successive average to solve the bilevel programming model, as follows:
Step i. Generate initial population and determining crossover rate, mutation rate of genetic algorithm, the total number of individuals in each generation, and the maximum evolutionary algebra M. Set evolutionary algebra = 0.
Step ii. For each individual, apply the assignment algorithm to solve the lower level model for each discrete interval, and the state equation ( + 1) = ( ) + ( ( ) − ( )) • Δ is regarded as the transient process. Then, each responding flow distribution among the group is obtained.
Step iii. Calculate the function value of the upper model corresponding to each toll and obtaining the fitness value. Choose the optimal solution. If > , output the best solution; otherwise, set = + 1.
Step iv. Cross over, mutate, and select individuals according to the fitness index value and generate new offspring; then go to Step ii.
Scheme for Model Application.
The proposed model presents the dynamic toll problem as a bilevel problem. The upper level is to minimize total travel time and the lower level is the dynamic user equilibrium at the network level. Managers provide a charging rate through real-time detection and analysis of road network data, then the users adjust travel routes according to timely utility so that the two alternative networks can maintain the satisfying state. The toll strategy takes full use of the timely traffic information and provides the predicted toll for the given time interval , with the entire simulation time set as . The timely feedback toll strategy including two stages for the MFD-based bilevel toll model is shown as follows:
First Stage. The two-layer network MFDs were obtained respectively, including the diagrams of network mean flow and mean density, mean speed and mean density, trip complementation rate, and mean density.
Then, the following steps are incorporated as the second stage of the model application.
Step i. To simulate for several minutes at start, collect state information for networks, and set = 0.
Step ii. To solve the bilevel programming model to obtain the predictive toll for the next interval according to the timely collected data feedback and MFDs obtained from the first stage, = + 1.
Step iii. To change the network toll timely and the user will choose the route according to the dynamic utility timely. If • < , deliver the network traffic data to Step ii; otherwise, stop the simulation experiment and evaluate the result.
Case Studies and Results
To test the bilevel model and the corresponding algorithm proposed in the above discussion, a simulation experiment of two-layer network was employed. This study integrated VISSIM, MATLAB, and the development tool Visual Studio as the main control program. In detail, VISSIM and Visual Studio were integrated through COM data communication interface, and Visual Studio and MATLAB were integrated through Dynamic Link Library (DLL). VISSIM was used to simulate traffic flow, MATLAB was used to solve the bilevel programming model, and Visual Studio was used as the intermediate medium.
MFD for Simulation Network.
There are many cities using the circular expressway network to relieve the pressure of transit traffic in the center business region. Paris in France and Chengdu in China are two typical instances as shown in Figures 2(a) and 2(b) , which can be summarized as Thomson's urban structure model [34] as shown in Figure 2(c) , consisting of grid and ring network. It is suitable to the city center with developed economy and star towns around the perimeter. The simulated two-layer network consists of a loop expressway network and linear arterial streets as shown in Figure 2(d) . In the simulation network, the expressway network refers to the bidirectional loop roads including 32 links with two lanes around 500m in length and 3.5m in width. The arterial streets network refers to the bidirectional diameter roads including 80 links with two lanes around 500m in length and 3.5m in width. The intersections of arterial streets network adopt pretimed fixed timings, with both Green and Red set as 30s. The free flow speeds within the links of expressway and arterial road are set as 60km/h and 35km/h, respectively.
16 traffic zones are located at the perimeter with the origins and destinations uniformly distributed across the network. To avoid the large variance of trip distance along each network, the OD pairs with the neighbor nodes are not considered. For example, the simulation experiment only considers Origin 1 with Destinations 7, 8, 9, and 10 and Origin 2 with Destinations 8, 9, 10, and 11. As a result, the number of all OD pairs is 64.
Considering the objective is to investigate the influence of the dynamic toll on the route choice between the expressway and arterial streets, so as to achieve a more efficient network performance, e.g., minimizing total travel time, the traffic assigned on routes in each network is simply considered as static instead of dynamic. Many research papers adopted microsimulation that used fixed routing scheme obtained by the static traffic assignment (STA) method [35] to obtain MFD. For example, CORSIM was used in San Francisco, California [14] , and VISSIM was used in Orlando, Florida [36] , and in Zurich, Switzerland [37] . Recent studies have adopted the dynamic traffic assignment (DTA) modules in VISSIM to obtain the MFD [38] . In dynamic network loading, DTA simulation method is iterative process to search new routes according to the experienced travel time that attempts to provide users equilibrium traffic states. However, DTA method may be not appropriate in this research, which could induce large variance for the time-varying average trip length in each network due to the fact that some drivers would choose the long detour to avoid the congestion [39] . Moreover, DTA method is more computationally demanding due to a few iterative processes and more unstable as convergence is not always guaranteed. As the research question is to investigate the applicability of dynamic toll at the large network level using the MFD rather than link-based flowdensity function, the research simply adopts the STA method with capacity restraint to obtain the fixed routes with the initial traffic demand pattern and then keeps the same OD pattern and multiplies the factors to scale the OD demand for achieving an integrated MFD [37, 40] . The resulting time along each layer is related to the travel distance and network density within the simulation experiment. The average travel distances and the standard deviation (SD) for expressway and arterial streets are shown in Tables 1 and 2 , and the typical routes in expressway and arterial streets for Origin 1 with Destinations 7 to 10 are shown in Figures 3 and 4 .
The routes of all OD pairs in expressway can be categorized into three types (average trip distance: 3500m, SD: 354m), and the routes of all OD pairs in arterial streets can be categorized into four types (average trip distance: 3030m, SD: 363m). The average trip distance is expected to be constant that the average trip distance is 3.5km for expressway network and 3.0km for arterial streets.
The initial experiment is to obtain the MFDs of the two-layer alternative networks, respectively. The origindestination (OD) matrix is used to express traffic demand with uniform distribution. The demand factor is used to modify the demand amount for the intact MFD. Detectors are installed at every 100m length in each link and the related data including flow and occupancy are collected and aggregated at every 120 seconds. The results are shown in Figure 5 .
By adopting least square fitting, six polynomial functions were obtained. For expressway network, space mean flow versus mean density can be expressed as the formula: = 0. Figures 5(a) , 5(b), 5(d), and 5(e), the critical densities for expressway network and arterial streets are both about 40veh/km, and the network mean speeds for expressway network and arterial streets at the critical density are around 40km/h and 20km/h, respectively. According to user equilibrium principle, due to higher mean speed for expressway network even though in right band of MFD which is larger than the critical density, when in high traffic demand condition, the expressway network would operate in congestion flow state which is easy to cause congestion; however, the arterial streets would operate in the free flow state. The purpose of the simulation experiment is to decrease the density of expressway network to maintain the two-layer density load in an optimal state. Consequently, only the freeway network is charged with extra toll in the simulation experiment considering the significant difference of average speeds between the two-layer networks, however, if in field experiment, the two-layer networks would cooperatively take toll schemes. In this research, deterministic and homogeneous population characteristics are assumed with fixed VOT 16$/h [41, 42] , and the maximum toll is set as 10$ [43] . The fluctuated demand profile including two peak periods is presented in Figure 6 .
Dynamic Pricing Experiment Evaluation. As indicated in
In this section, simulation experiments for applying both the dynamic toll strategy and no toll were carried out. The simulation for first 10 minutes is to produce preliminary volume in the network, and the data about network state are collected and aggregated for each 2 minutes. Table 3 presents the improvements after applying the toll scheme.
The total travel time savings and the total collected revenue were investigated. The total travel time decreases from 6415.6h to 5080.8h. The total collected revenue is 13620.2$. Considering the value of time is 16$/h, the total toll paid in the study network is smaller than the total time savings, by 36.2%. The time savings are much higher than the toll paid, which is a promising result at an aggregated level. The average travel cost without toll is 0.123h, and the average travel cost with toll represented by time cost decreased to 0.114h. Moreover, the average speed increased by 9.1km/h.
The time-dependent tolls are presented in Figure 7 , while the average speeds with toll or not were compared in Figure 8 . It is found that the time-dependent toll diagram also has two peaks, and the highest toll values are 0.66$ per trip and 0.69$ per trip in the fourth and ninth periods, respectively. For the two high peak demand periods, the average speeds with no toll are only 29.5 km/h and 26.1 km/h, while the average speeds with toll are 39 km/h and 38.3 km/h. These further illustrate that the toll scheme is effective in improving the speed for the two-layer network. Moreover, although tolls at all time are above some base level of about 0.45$, under bottleneck models and departure time choice, the criterion value may tend to be null as the base level.
Furthermore, Figures 9(a) and 9(b) present the detailed MFD for expressway and arterial streets in toll and no toll conditions. Under no toll condition, more drivers would choose expressway for the higher travel speed, then the average density is far beyond the critical density (Figure 9(a) ), which is much easier to cause traffic congestion. However, the average density of expressway falls on the left part in toll. For arterial streets, the range of the average density is from 5 to 35veh/km, while it mainly falls between 15 to 25veh/km under toll condition (Figure 9(b) ), which remains a larger reservoir capacity for more traffic demand. It can be explained that during toll condition the road networks operate in much more optimal state by analyzing the MFD.
Conclusions
In this paper, a dynamic toll strategy at a two-layer network is proposed. The idea is to adopt a macroscopic traffic model, i.e., the macroscopic fundamental diagram (MFD), to determine the optimal toll. The bilevel programming model combining the traffic assignment principle and the theory of MFD is proposed. The upper level model is to decrease the total travel time in the two-layer network by optimizing the toll and the lower level model extends the link-based dynamic user equilibrium to network-based dynamic user equilibrium by means of the physics of network traffic expressed by The results indicate that the real-time toll strategy is effective for keeping the network operating in a better state. On other words, the arterial road resources can be utilized in a more effective way and the expressway network becomes more moderately to avoid the road congestions. Compared with no toll condition, in which UE criterion depends just on the average travel time, the bilevel toll model can significantly decrease the total travel time. Because the MFDbased dynamic toll model at aggregated level can overcome the calculation complexity of link-based assignment and the data collection and statistics to evaluate the network state are easier, the proposed dynamic toll strategy is anticipated to become more effective in a larger urban network.
The proposed dynamic tolling is promising to solve the exist problem in charging toll at network aggregated level for the optimal traffic distribution on the overall urban network. However, some problems need more efforts to solve in future. Users with different value of time (VOT) and heterogeneous travel distances should be thought, and the agent-based simulation can also be used to implement the toll model [44] [45] [46] . Moreover, the multiple modes traffic should be incorporated considering the toll is also to encourage users to take the public transport. To design more practical management scheme for the multi-MFDs regions, it is especially necessary to develop effective algorithms to decompose the large-scale center network into interconnected subdomains represented by the own MFD, such as the shortest distance decomposition algorithm for partitioning large-scale network [47] .
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